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SUMMARY

It is well known that rotating non-uniform flow pattern has a strong influence on high
pressure centrifugal compressor vibrations. This paper shows the results of an
experimental investigation ona typical centrifugal compressor stage running on

an atmospheric pressure test rig. Unsteady flow was invariably observed at low

flow well before surge. In order to determine the influence of the statoric
components, the same impeller was repeatedly tested with the same vaneless diffuser,
but varying return channel geometry. Experimental results show the strong effect
exerted by the return channel, both on onset and on the behavior of unsteady flow.
Observed phenomena have been found to confirm well the observed dynamic behavior

of full load tested machines when gas density is high enough to cause appreciable
mechanical vibrations. Therefore, testing of single stages at atmospheric pressure
may provide a fairly accurate prediction of this kind of aerodynamic excitation.

INTRODUCTION

Problems which have arisen in past years with high density centrifugal compressors
have considerably increased the demand for full load testing (ASME PTC 10, Class 1),
mainly aimed at checking the stability of machines under aero-induced excitation
forces.

Present experience leaves no doubts that aerodynamic excitation is always present
in centrifugal compressors and it is obvious that the forces involved become more
marked the greater gas density and machine speed. This is the reason why machines
subject to aero-induced vibrations have been found more frequently in natural gas
injection or urea synthesis plants than in ammonia synthesis or refinery compressors,
even when running at the same pressure levels (ref. 1). Although the action of
aerodynamic forces involved leads to subsynchronous vibrations in general, two
completely different behaviors have been encountered: self-excited vibrations and
forced vibrations. Vibrations belonging to the first category (self-excited
vibrations} have been noted in high performance turbo-machinery (ref. 2)including
high pressure compressors (ref. 3 and 4), apparently with greater frequency in
back-to-~back versions of the latter. The vibration frequency observed is normally

the fundamental bending natural frequency of the rotor. An explanation commonly
given for this phenomenon is based on destabilizing forces caused by the labyrinth

seals (ref. 5 and 6). On the other hand vibrations belonging to the second category
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(forced vibrations) have been recordeu in all high density compressors. They have
the following typical behavior (ref. 7 and 8):

. They appear relatively near to surge and are very stable in amplitude.

. Asynchronous frequency is very low (order of magnitude 10% of RPM)

. Asynchronous amplitude depends on tip speed and gas density.

In order to examine this phenomenon more closely a test program was set up with
the aim of investigating the amplitude and frequency of pressure oscillations

within a centrifugal compressor stage. A standardized low specific speed stage,
which is normally utilized in high pressure applications, was slated for testing.

SYMBOLS
R Radius
p static pressure
P, total pressure
Cr radial velocity
A pressure oscillations amplitude
fs fundamental frequency of pressure oscillations
n impeller angular velocity
A amplitude of pressure oscillations normalized to stage total inlet
pressure
%s fundamental frequency of pressure oscillations normalized to impeller
speed (f‘s =27 fs/f) )
Mu tip speed Mach number
Re Reynolds number (based on diffuser axial width)
¢ inlet flow coefficient
Er normalized radial velocity (Er = Cr/fﬁ R)
& absolute flow angle (referred to tangential direction)
Cp pressure recovery coefficient
Subscripts:
10 - measured at section 10
10 = " " " 10"
20 = " " " 20
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20! = " " " 20"

30! = " " " 30!
40 = " " " 40
40! = " " " 40
50! = " " " 50!
60 = " " " 60
60" = " " " 60"
D = diffuser

RC = return channel

*
]

onset of unsteady flow

TEST FACILITIES AND .INSTRUMENTATION

Testshave been arranged on one of the three test rigs available for the individual
stages development (ref. 9). A cross section of the test rig is shown on Fig. 1;
the stage consisted of an impeller, a free vortex diffuser, a cross-over and a
return channel. The gas utilized was air at atmospheric pressure in an open loop
c¢ircuit. Speed was adjusted by an hydraulic coupling torque converter while an
electrically actuated discharge valve was operated to vary the pressure ratio.
Table 1 shows the conventional instrumentation used for industrial stage testing.
Table 2 shows the instrumentation utilized to detect pressure oscillations
connected with non-stationary flow conditions. The following should be mentioned
of the conventional instrumentation:

« The data acquisition system is based on a Solartron system 35 with a PDP 11/03
control unit.

. All pressure readings are connected, through a scannivalve, to a single pressure
transducer. The transfer function of the measurement chain has been experimentally
tested, to check that the output is the time average of the pressure within the
frequency range of interest.

Regarding non-stationary reading we can note that:
- static pressure probes are the Kulite XT-190-50 type
. total pressure probes are the Kulite XB-093-50G type

. probe signals have been recorded on an Ampex PR 2200 tape recorder and finally
analized through an Ono-Sokki CF-500 real time spectrum analizer. Data shown
for each tested point are the RMS averages of 256 spectra.

Two different stage configurations have been tested: configuration A and configurat-
ion B. Both configurations utilize the same impeller and diffuser but different
return channels and, of course, cross-overs.
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TEST RESULTS

Configuration A

It is necessary to point out that the following procedure was adopted to obtain

the data relating to configuration A.

1.

Readings were taken of time "average" quantities (i.e. pressures, temperatures
etc. at the different measuring sections) with conventional instrumentation.

. Next, readings were taken of pressure oscillations (remeasuring inlet pressure,

flow and RPM) independently of prior readings.

Finally some "points" were repeated in regions of particular interest.

Qualitative Description

When flow is reduced at constant speed the following behavior was observed:

. Pressure oscillations started simultaneously on all pressure transducers with

very low amplitude and almost sinusoidal shape.

A small flow reduction resulted in a slight increase in frequency and a
considerable increase in amplitude while the signal shape remained sinusoidal.

If flow was further reduced the phenomena observed was dependent on the tip
speed Mach numbers ({Mu) as follows: '

At Mu = 0.45 and 0.60 we noted:

The shape of the signal suddenly changed from a sinusoid with a frequency of
fS to a signal having frequencies fs and f /2 with comparable amplitudes. The
onset of the second frequency (i.e. fs/2) is usually very sudden.

When flow was reduced the fg and fs/2 frequencies slowly increased and the fs
amplitude component remained almost constant while the fg/2 one rose gradually.

. On rethrottling, the fg/2 signal finally disappeared and the fg signal had a

sudden increase in amplitude.

. Further flow reductions caused a shifting of the fg frequency while amplitude

remained almost constant till full surge.

. On opening the valve and exploring the phenomenon starting from full surge we

found that frequencies and amplitudes were repetitive related to flow. A slight
hysteresis was noted in the onset region.

At Mu = 0.75 and 0.85 we observed that:

Pressure oscillations might have a sinusoidal shape with fg frequency till full
surge.
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. With the same inlet flow coefficient it was possible to shift from a single
frequency signal (fs) to a dual-frequency signal having the same fg frequency
and an additional component at fg/2 frequency. Each one of the amplitudes
(i.e. at fg and fs/2) with dual frequency was lower than the amplitude with

single frequency.

Although the factors governing the shift from one shape to the other were not
discovered, the following observations were made:

a. The shift from a single frequency shape to the other seemed easier when
increasing the flow from the surge.

b. Sometimes introduction of the conventional instrumentation probes into the
diffuser was very effective in triggering the shift to the dual-frequency shape.

¢. Mantaining a constant opening of the discharge valve and raising the speed from
low Mu (i.e. Mu = 0.45) with dual frequency shape the signal might retain the
same shape even if Mu exceeds 0.85.

d. Cases were observed where shifting appeared several minutes after the last
positioning of the valve.

Summarizing we believe that the phenomenon can be described as follows:

. The unsteady flow pattern may exhibit two distinct shapes (single frequency
and dual frequency).

The dual frequency shape is stable within a range of flows-RPM (or better
¢ -~ Mu) and metastable in the remaining range.

. When dual frequency exists is may survive in the entire speed range explored.

It will later be seen that the two different signal shape correspond to two
distinct values of the return channel recovery coefficient, based on time average.

Quantitative Description

To keep the length of the paper within reasonable limits we will indicate only the
results obtained at section 20', behavior at all the other measuring sections
being very similar.

Fig. 2 shows the frequencies normalized to the RPM while fig. 3 and 4 show the
amplitudes of the pressure oscillations corresponding to fg and fs/2 normalized to
the suction pressure. The following can be remarked:

. Amplitudes at section 10' (impeller suction) were always negligible till surging.

At the different measuring sections pressure oscillations amplitudes exhibited
shapes similar to those shown for section 20'. The following are the average
values found:
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at fg (with both single and dual

at f£_ /2
frequency shape) s/
A =~ 80% A A ~ B81% A
30! 20! 30! 20!
A . A ~  60% A
40' = 60% Asqt 40! 20!
A ~ 9 -
50' = 60% AZO' ASO' = 17% A20‘
A = 9% A A = 9% A
60" 20! 60' 20"

. Irrespectively of the flow coefficient, the phase difference between static probes
at the same radius is 90° for the fs/2 component and 180° for the fg component
with dual frequency signal shape and is 180° for the fg component when the signal
is single-frequency. Therefore it seems that fs/2 is associated with a single
stall cell, while fg is associated with two stall cells.

. The phase difference between static probes at the same angular position was
practically independent from the flow coefficient. Typical values measured (in
round figures) were: -10°, between sec. 20' and sec. 30/, and -20°, between
sec. 20' and sec. 40', for the fg component (with both single or dual frequency
shape) and always near 0° for the fS/2 component.

Analysis of Time Averaged Data

Fig. 5, 6 and 7 show the pressure ratios (static to total and total to total)
versus flow at three different measuring sections. An appreciable variation in
the slope can be noted at the onset of the pressure oscillations followed by a
region with a positive slope. At Mu = 0.75 and 0.85 two distinct branches clearly
identify the working regions relevant to the two shapes of the signal previously

described.

The lack of connection between "average' measurements and instantaneous measurements
initially led to considerable confusion. Only later was it realized that the two
disturbance shapes have distinct "average' measurements and that the shift from
one shape to the other cannot always be triggered at will in the Mu = 0.75+0.85
area. As a result the graphs in fig. 7 and fig. 3 are slightly contradictory:

the shift point from one shape to the other at Mu = 0.75 and Mu = 0.85, shown in
fig. 3, does not coincide with those indicated in fig. 7. The general shape of

the amplitude curve at Mu = 0.75 looks similar to those at Mu = 0.45 and Mu = 0.60
but fig. 7 suggests that this was not always the case.

The flow coefficients corresponding to the onset of the pressure oscillations are

related to tip speed Mach numbers. However, if the inlet flow coefficient is
plotted versus any of the impeller exit variables, for example Cr20, as shown
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on fig. 8, one can note that the onset starts at an almost constant value of such
variables. Fig. 9 shows both X 5o and X 40 Versus 6r20' It can be noted that
the unsteady flow condition invariably appears when %00, = 10° and oy, = 13
The behavior of the diffuser pressure recovery coefficient, see fig. 10, shows
considerable scattering corresponding to the * o0, onset value. Fig. 11 shows
that the return channel pressure recovery coefficient exhibits considerable
discontinuity in the onset regions. It is of particular interest to note that
the Cpgc vs. X 40 Curve is split into two different branches which correspond
to dual frequency and single frequency respectively.

Bearing in mind, that pressure oscillations at impeller suction were always
negligible and considering the behavior of pressure recovery coefficients, it seems
that the phenomenon had its origin from the statoric components. Three different
hypothesis can be formulated to explain the onset mechanism:

a. - the phenomenon pertains to the diffuser "in itself" and starts when a
"critical" inlet angle is reached.

b. - the phenomenon pertains to the return channel "in itself" and starts when a
"critical" incidence angle is reached.

c. - interaction between the vaneless diffuser and return channel is not negligible,
therefore a '"critical value'" of some exit variable exists which cannot be
clearly ascribed to each one individually.

It is clear that these hypothesis as they have been formulated are somewhat
simplified and that they ignore the fact that the inlet conditions of the stationary
components, for a constant value of Ergo, are not strictly similar at different Mu.
For instance:

- "average" velocity profiles are not exactly similar

~ the diffuser inlet absolute Mach number increases from 0.25 at Mu = 0.45 to 0.43
at Mu = 0.85

- the diffuser inlet Reynolds number varies from Rg = 90,000 at Mu = 0.45 to
Re = 160,000 at Mu = 0.85

However these variations are moderate and fig. 9, fig. 10 and fig. 11 suggest that
the influence of these factors is limited within the range explored throughout
testing.

Let us assume as a working hypothesis that the phenomenon is mainly influenced by
the return channel and starts when a '"critical" incidence angle at the leading edge
of the return channel blades is reached. In the light of this hypothesis a new
return channel was built with identically shaped blades, but a different axial
width, to move the onset close to the design flow of the stage.

350



Configuration B

In order to avoid some confusion experienced when testing configuration A, both time

averages and instantaneous measurements were acquired contemporaneously, moreover
the tested points were concentrated in the unsteady flow area.

The phenomenon is easier to describe since it is characterized by a single-frequency

shape within the tested range of Mu. The onset as well as the growth of the pressure

oscillations are similar to those tested on configuration A when the single
frequency shape was present. Fig. 12 and fig. 13 show respectively the normalized

frequency and the pressure oscillations amplitudes at sec. 20' versus the inlet flow

coefficient. The following can be noted:
Amplitudes at sect. 10' are always negligible till full surge.
At the different measuring sections pressure oscillations amplitudes are

qualitatively similar to those of section 20'. The following are the average
values found:

A ~ 78% A
30! 20"
A o~ 60% A
40! % 20!
A ~ 56% A
50! 20!
A = 14% A
60" 20!

Irrespectively of the flow coefficient, the phase difference between static

probes at the same radius is 180° thus indicating a two stall cells configuration.

The phase difference between static probes at the same angular position was
slightly dependent on the flow coefficient. Starting from the onset and reaching
the full surge, the phase difference gradually changed (in round figures) from
0° to -10°, between sec. 20' and 30', and from 0° to -20° between sec. 20' and
40', being the phase difference ratio almost constant and near to two. As a
consequence, loci of maximum and minimum pressure amplitudes are not radial
lines but curves shifted slightly backwards as referred to the direction of
rotation.

Analysis of the Time Averaged Data

Fig. 14, 15 and 16 show the pressure ratios (static to total and total to total)
versus flow at three different measuring sections. It can be noted that the onset
has been shifted to a considerably higher flow as indicated by the hypothesis
formulated. As already noted with configuration A, the onset of pressure oscillat-
ions starts at an almost constant value of the impeller discharge parameters (see

fig. 17 d fig. 18). In thi had ~ 18° and ~ 14°,
ig and fig ) n is case we ha % 40 n CX2O*
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It can be verified that the onset takes place when there is a practically constant
incidence angle at return channel blades while flow angles along the diffuser are
considerably different from those of the configuration A. Fig. 20 shows that the
pressure recovery coefficient of the return channel again exhibits a sudden drop at
the onset of unsteady flows. The CpD too curves downwards, fig. 19, however the
drop is less evident, whereas scattering is greatly reduced if compared with
configuration A.

TESTS SUMMARY AND CONCLUDING REMARKS

Two different stage configurations were tested to study the behavior of unsteady
flows. Configuration A and configuration B had identical impellers and diffusers
but different return channels and cross—-overs. The following can be concluded on
the basis of tests performed:

1. The two configurations tested clearly showed that unsteady flow is caused by
the statoric components.

2. With configuration B unsteady flows begin at much higher flow coefficient than
those of configuration A.

3. The onset of pressure oscillations takes place with considerably different
diffuser flow angles for the two configurations, while the incidence angle
at the return channel blades is almost constant.

Therefore it seems that the return channel blades played the most important role
in determining both the onset and the growth of the phenomenon.

To conclude, some additional remarks are necessary to give an indication of the
general validity of obtained results and some comparison with the behavior of
complete machines when gas density is high enough to reveal pressure oscillations
in the form of shaft vibrations.

. Tests performed on completely different stages (i.e. several standard stages for
average specific speed and one 3-D type typical for pipeline applications)
exhibited unsteady flows with frequency-amplitude behavior similar to that of
the configurations described in this paper.

. The frequencies of forced asynchronous vibrations, detected in full load testing
of high density compressors (ref. 7 and 8) showed a very good correspondence to
the frequencies of pressure oscillations of non stationary flows investigated
on a single stage test rig.

- Reviewing current literature on this subject the following ¢an be remarked:

a. The tests referred to with ref. 10, 11, 12 and 13 definitely show that a
vaneless radial diffuser may generate self-excited pressure oscillations.
The present paper suggests that such data should be used with some caution
for an industrial centrifugal stage, having a return channel.
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10.

11.

12.

13.

14,

15.

b. Test results of the present paper agree to a great extent with ref. 14

and with some of the data published in ref. 15, both based on testing of
industrial centrifugal stages with return channels.
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TABLE 1.,

Tot t
Measuring sect. otal pressure Static pressure Thermoel.
probes probes
Sec. 10 4 Kiel 1 cobra 1 8 (circum. and
(impeller inlet) radially spaced
Sec. 20 1 cobra 1 2
(diffuser inlet)
Sec. 40 1 cobra 4
(diffuser exit)
Sec. 60 4 Kiel 8 8 (circum. and
(return channel (4+4 at inner and radially spaced
exit) over radius)
TABLE 2.
|
Measuring sect. Total pressure Static pressure
probes probes

Sec. 10° 1 1

(Impeller inlet)

Sec. 20' 1 2

(Diffuser inlet) (90° spaced)

Sec. 30' 1 2

(Diffuser midapan)

Sec. 40°
(Diffuser exit)

Sec. 50°'
(Return channel throat
area)

Sec. 60°'
(Return channel exit)

(90° spaced)

2
(90° aspaced)

2
(90° spaced. Throat area
of two sections of the
return channel)

1
(At the exit of one of the
two sections of sec. 50)

354




I 1
)

Tobos

N s
/o0y 7 |
Q_KJ_ SR |

\'ni’\~1‘>/</-/ ﬁ%‘—'— T
> /\\/® SR
RN R = NSe72
_ " Ne NS
& \'\Qﬁ“

LAy 1)
CINCUNPHERENTIAL LOCATIONS.

CHANNEL PRESEVES TRABOSUCIAD.

15.0
fl"o"
13.0
1.0
1
1 0
M .45 .60 75 .85
9.0 .
THROTTLING . v ° o
J THE YALYE
7.0 4 OPENING . v ° .
THE VALVE
s'o L L 1 L L] 1 1 T L Ll L] T L] L) LS LS AJ 1
70 80 90 100 110 120 130 140 150 @ 160

Figure 2. - Normalized observed frequency vs. inlet flow coefficient
(configuration A).

355



MOL 3 33tut

(v uoriednbyjuod)
“SA 02 uoL3das je (2/s3 8) apniLdue
PadnNpad uotL3e||L25S0 3unssauad Ji13e3s -

1U3LIL 44300

“p d4nby 4

S8 g¢°

3AWA MY
JH1N30

34V )
CLIRFFT: ™

I L

- -

‘(v uotyeanby juos)
MOl 33LuL *sa 0z uorLydas je (s3 a) apniLdue
padnpaJ uoLle||L2S0 aunssaud Jt3e3§ - *g 3unby

JUd1IL 4400

- ——— g ——— o -

P ket |
1

L oo—-bo«

AININOINSG

IAWA ML
v oN1NZeC

IAWA Wy
v 8111101

sr’ L]

]

o

]

081

ooz

ore

(244

ot

ory

o
Jay

ozs

356



*(v uorjeuanbijuod)

S43qWNu YoPK JUBAISJLP I® JUILDIL S0

MO[J 33|UL °"SA Op UOL3IDIIS 3B SOLIRJL dunssaud
{303 03} (231031 pue [e303 03 2J13e3S - *9 3anbid

*(v uotr3euanbLjuod)

SJA9qWNU Ydel JUDUISJLP 3@ JUILILJ 430D

MOlJ 39lUl *SA (QZ UuOL323S 3® SOL3eJ Junssaad
[e303 03 [©303 pue (B30} 03 J1303S - °G 3unb4

i

2& oz
A L H

i

oae

“/d Y W

o8z

1

o B o ozz
R ol

“Wa TN MW

(001 -

[os:-

V0.

357



*(v uotjeunbirjyuod) suaqunu
UOBW JUd4334Lp 3® ‘02 uOL}23s e paads leLpeud
[BUOLSUBWLPUOU SNSUBA JUBLILJ430I MO|4 - *g 2u4nby1y
hatl
os' 0 ge: ° oSt O ofi-g [JIRI] oRC 0 040 0 ot 0 oto0
—ae 0 T T 01O emee Q0 | mee o
n. - oa
$8° @ 4
Sit @ Hmu I
. 7z L
v “ oc!
Z L
Z
Z L
\\ ozt
Z
7 L
o, [ ol
" 091
| oat
A
I coz
" o2
ore
ey
v K
- o

*(v uoitieunbyiyuod)

SJ9QWNU Yooy JUIIIILP I SIUBLIL 4309

MOLJ 391Ul *SA 09 u0O1329S 3P SOL3e4 Dunssaad
LB303 03 (303 pue {®303 03 D13e3S - °*/ 3unby4

cs2 o9z B oz
T

] e S8

L] L] Si os9- 1
a . 09

v v Sy L

" Y as- ¢

358



at® A

.

s 4

22 o

N S T T T v Y Y A\l T Y Y T Y ]
0.030 %0 0110 0.130 0130 o c 0-i%0
20
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Figure 11, - Return channel pressure recovery coefficient vs.
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Figure 19. - Vaneless diffuser pressure recovery coefficient vs. absolute flow
angle at section 20 (configuration B).
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Figure 20. - Return channel pressure recovery coefficient vs. absolute flow angle
at section 40 (configuration B).
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